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     Electron scattering rates in metallic single-walled carbon nanotubes are studied using an atomic force microscope as an 
electrical probe.  From the scaling of the resistance of the same nanotube with length in the low and high bias regimes, the 
mean free paths for both regimes are inferred.  The observed scattering rates are consistent with calculations for acoustic 
phonon scattering at low biases and zone boundary/optical phonon scattering at high biases. 
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Phonons in carbon nanotubes (NTs) have been an active 
area of research in recent years [1].  The effects of phonons 
have been measured in thermal transport [2-4], Raman 
scattering [1], and electrical transport [5-7]. Electron-
phonon coupling in NTs is predicted to lead to a Peierls 
instability [8-11] and superconductivity [12,13] and 
contributes to the thermopower [14] and the resistivity 
[5,15-17] of NTs.  At room temperature, the main origin of 
the resistivity at low bias in high quality metallic single-
walled nanotubes (SWNTs) is believed to be scattering by 
acoustic phonons [5].  The scattering is weak, resulting in 
long mean free paths at room temperature.  Both 
measurements and calculations put the mean free path in the 
range of a few hundred nm to several µm [5,6,15,17-19].  At 
high biases, electrons gain enough energy to emit optical or 
zone boundary phonons.  Yao et al. showed that this 
scattering is very effective, leading to a saturation of the 
current ~20 µA [7] at high biases.  This work indicated that 
the fundamental high-energy phonon scattering rate was 
rapid, but did not determine its value. 
   In this Letter, we study electron-phonon scattering in 
metallic SWNTs in both the low and high bias regime.  We 
investigate the scaling of the resistance in a single NT for 
lengths ranging from 50 nm to 10 µm by using a tip of an 
atomic force microscope (AFM) as a movable electrode.  
For low biases, we find a length-independent resistance for 
L < 200 nm, indicating ballistic transport in the NT.  At 
longer lengths, the scaling of the resistance with length is 
used to infer a low-bias mean free path of ≈lowl  1.6 µm, 
consistent with previous measurements and calculations.  
For high biases and long channel lengths, the current 
saturates as in the previous study [7].  However for short 
channel lengths, L < 500 nm, the current does not saturate, 
but rather grows linearly with increasing bias.  From 
measurements at different lengths, we infer the high-bias 
mean free path,  10 nm, over 100 times shorter than 
low .  We present calculations of the electron-phonon 
scattering rate due to acoustic phonons, relevant for low 
biases, and optic and zone boundary phonon emission, 
relevant at high biases.  We obtain good agreement with our 
experimental results in both cases.   
≈highll
    The SWNTs used in this study were grown by chemical 
vapor deposition at lithographically-defined catalyst sites on 
a degenerately-doped Si substrate with a 200 nm-thick 
oxide [20,21].  Metal electrodes were formed on the NT by 
evaporating 50 nm Au with 5 nm Cr adhesion layer or 30 
nm Au without adhesion layer, followed by liftoff.  Devices 
with direct Au contacts show better contact resistances after 
initial fabrication.  Devices with Cr/Au contacts were 
annealed at ~600 °C after the fabrication to enhance the NT-
metal contact.  All the measurements reported here were 
performed on metallic SWNTs, as determined by the gate 
voltage dependence of the conductance and a saturation 
current of 19 – 25 µA at high biases and long channel 
lengths [22].   
   For this study, an AFM operating in ambient conditions 
with the capability of simultaneous transport measurements 
was used [23].  Figure 1 shows a schematic of the three-
probe measurement geometry [24].  In addition to the two 
lithographic electrodes, an Au-coated AFM tip serves as a 
third electrode by making physical and electrical contact 
with the NT [25,26].  A bias voltage Vsd is applied to the 
source electrode (the left electrode in Fig. 1), and the 
resulting current is measured by a current amplifier attached 
to the AFM tip, which serves as the drain electrode.  This 
yields I as a function of Vsd.  We also use the second 
lithographic contact (right electrode in Fig. 1) as a voltage 
probe to measure the voltage drop Vtt at the tip-tube drain 
junction. 
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FIG. 1. A schematic of the three-probe measurement setup. The 
two electrodes and the Au-coated AFM tip serve as a voltage 
source (left electrode), voltage probe (right electrode) and current 
probe (AFM tip), respectively. The active length L of the SWNT 
device can be changed by moving the AFM tip.  
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From this, we can deduce the voltage V = Vsd - Vtt and hence 
the I-V curve that corresponds to just the left contact and the 
SWNT segment between this contact and the tip.  By 
moving the tip to different locations along the tube, I-V 
measurements of the same SWNT for different channel 
lengths L are obtained [27].  Since the left contact is always 
the same, and the voltage drop associated with the right 
AFM contact is subtracted, measurements at different 
channel lengths can be directly compared.  The shortest 
channel length we can measure in this way depends on the 
stability of the AFM and the size of the tip, but is typically 
L ≈ 50 nm.         
   Figure 2 is the result from measurements of I vs. V on a 10 
µm-long metallic SWNT at six different tip-contact 
separations L.  We first concentrate on the low bias region 
where the I-V characteristic is linear.  In Fig. 3(a), the low 
bias resistance Rlow = dV/dI is plotted for each length. For L 
between 50 nm and 200 nm, Rlow is almost constant, but it 
increases linearly with L for longer lengths.  The slope of 
this line is the 1D resistivity ρ = dRlow/dL ≈ 4 kΩ/µm. 
Similar resistivity is found for several other metallic 
SWNTs. 
   The resistivity of a 1D channel with 4 subbands in the 
incoherent limit is given by [28]:   
 
                 ( )( )l14 2eh=ρ ,                     (1) 
where  is the electron mean free path for backscattering. 
From the measured slope, we infer 1.6 µm.  For 
measurements with L << lowl , the transport is essentially 
ballistic. The measured resistance is just the contact 
resistance associated with the source contact and is constant. 
l
≈lowl
 
FIG. 2. The current I versus voltage V at different lengths for a 
SWNT device of overall length 10 µm and tube diameter 1.8 nm. 
The length L of the tube measured is indicated next to each curve. 
    
 
   Now we consider the high bias regime.  The slope of the 
I-V curve decreases with increasing V.  For long channel 
lengths, the current saturates to an approximately constant 
value of ~20 µA as reported previously [7].  For shorter 
lengths L < 500 nm, however, different behavior is observed.  
The current again increases linearly with V at high bias, but 
with a slope much lower than at low bias. 
   The inverse slopes of I-V curves at high bias, Rhigh = dV/dI, 
from 4 devices with diameters in the range 1.8nm < d < 
2.5nm are shown in Fig 3(b).  Rhigh scales linearly with L, 
with a slope dRhigh/dL = 800 kΩ/µm.  This high-bias 
resistivity is 200 times larger than at low bias.  If we use Eq. 
(1) to infer a mean free path, we obtain l  ≈ 10 nm.   high
   We now compare these results to expectations for 
electron-phonon scattering in NTs.  The electron-phonon 
coupling is described by the Hamiltonian 
                       ,†∑ +=
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qkqkqk,
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where q and α label the phonon wavevector and branch, 
respectively, u is the phonon displacement, c† and c (b† and 
b) are electron (phonon) creation and annihilation operators, 
respectively, L is the length of a NT, and ρ is the mass 
density.  For application to electron transport, the electron 
wavevectors k and k + q are taken in the vicinity of the 
Fermi points of the NT.  Electron-phonon scattering of 
electrons from an initial state with wavevector k and energy 
Ek to a final state with wavevector k + q and energy Ek+q 
must conserve energy,  
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Figure 3. (a) The low bias resistance Rlow= dV/dI near zero bias as 
a function of L for the SWNT in Fig. 2. (b) The high bias 
resistance Rhigh = dV/dI  versus L, from four different SWNTs. 
The diameters of the SWNTs are 1.8 nm (filled circles, from the 
device in Fig. 2), 2 nm (filled square, empty square), and 2.5 nm 
(empty circle). The line is a linear fit to the data.  
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                                                         (3) ,αqkqk Ω±=+ hEE
where the plus sign refers to absorption of a phonon with 
wavevector q and the minus sign to emission of a phonon 
with momentum –q.  Examples of scattering processes that 
meet these criteria in NT are shown schematically in Fig. 4. 
   For acoustic phonons, one has 
F qk ,
, where qD αα Ξ= αΞ  is 
the deformation potential.  Using Fermi’s golden rule along 
with a thermal occupation of phonon states (
qh for 
acoustic phonons) and combining contributions from 
emission and absorption of acoustic phonons, one arrives at 
the electron-acoustic phonon scattering rate 
kT<<Ωα
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2
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where qvs qΩ=  is the acoustic phonon velocity.  The 
maximum deformation potential for an acoustic phonon 
from band gap change in metallic SWNTs with uniaxial or 
torsional strain is Ξ ≈ 5 eV [29].  Then from Eq. (4), we 
compute the scattering time, τac ≈ 3.0×10-12 s for a SWNT 
with diameter 1.8 nm and the corresponding mean free path, 
≈= acFac v τl 2.4 µm. This calculated acoustic phonon 
scattering rate is comparable to previous calculations [5,15]. 
   Since there are two possible origins of electron scattering 
at low bias, disorder and acoustic phonons, the 
experimentally measured value lowl is a lower limit for the 
acoustic phonon scattering mean free path:  aclow ll < .  
The data is therefore consistent with the theory.  These 
measurements confirm the weak electron-acoustic phonon 
scattering and long mean free path values previously 
reported in SWNTs [5,6,18,19].   
  We now turn to the case of optical and zone boundary 
phonons, where the scattering length has not been 
determined previously. 
 
             
Figure 4. Diagrams showing electron-phonon scattering in a 
metallic SWNT by phonons with energy  that satisfies energy 
and momentum conservation. (a) Emission and absorption of 
acoustic phonon with low energy and small momentum. (b) 
Emission of optical phonon (high energy and small momentum) 
and (c) zone-boundary phonon (high energy and large 
momentum).  
Ωh
 
 
 Since no such phonons are present at room temperature 
( TkB>>Ωh ), scattering from optical or zone boundary 
phonons will involve emission only if we assume that any 
emitted phonons relax instantaneously.  These processes are 
shown in Figs. 4(b) and (c). According to Fermi’s golden 
rule, the scattering rate from spontaneous phonon emission 
is 
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Using a tight binding model [30], we calculated the relevant 
matrix elements ,D in the electron-phonon Hamiltonian 
by considering the creation of a band gap in NT with respect 
to the atomic displacements corresponding to the phonon 
mode.  For optical phonons (q = 0), we found that only 
displacements compatible with the longitudinal mode lead 
to a band gap [31].  From this model, we obtain D ≈ 12.8 
eV/Å, corresponding to the scattering time τ
α
qk
op ≈ 2.3×10-13 s 
and the mean free path opl ≈ 180 nm.  For the zone 
boundary phonon (q = -2kF), we found that only one optical 
mode gives a significant band gap while contributions of 
other optical and acoustic modes are small.  For this mode, 
we found D ≈ 25.6 eV/Å, yielding τzo ≈ 4.6×10-14 s and 
zo ≈ 37 nm.  Unlike the acoustic scattering mean free path, 
which depends on the type of nanotube, the mean free paths 
op and zol  do not depend on the type of NT, as long as 
the NT is metallic.  
l
l
   In principle, to calculate the effect of high energy 
scattering processes on the I-V characteristics, the 
Boltzmann equation must be solved self-consistently to 
determine the occupancies of the initial and final states.  In 
the limiting case of high bias, however, simple arguments 
can be given, which are sufficient for interpretation of the 
data.  
   Following Ref. 5, an electron must first accelerate a length 
T  in the electric field ε  to attain sufficient excess energy 
to emit an optical phonon ( ≈ 0.2 eV) or zone boundary 
phonon (
l
Ωh
Ωh ≈ 0.16 eV).  This length is given by ( ) LeVeT ⋅Ω=Ω= hhl ε .  Once it attains this energy, it will 
scatter on a length scale of high energy phonon scattering 
mean free path ( hp ).  The total length the electron 
traverses before scattering is, therefore, of order +  , 
as illustrated in Fig 5.   
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   For large enough L,  >> hp , the scattering length will 
be determined by .  The high bias resistance is 
then
Tl l
Tl( )( ) lowT , which implies a 
current saturation with 
low RIVRLehR +=+= 024 l ( ) Ω= hhe4Io  [7].  This is valid for 
the longer channel lengths in Fig. 2. 
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Figure 5. A schematic showing the two relevant length scales for 
high bias electron-phonon scattering. The total scattering length is 
the sum of , the distance electron must accelerate in the 
electric field ε to reach a threshold energy , and , the high 
energy phonon scattering mean free path. 
Tl Ωh hpl
 
     On the other hand, if L is sufficiently small, << , 
the scattering length will be determined by .  Then, the 
high bias resistance is 
Tl hpl
hpl( )( ) lowhphigh RLehR += l24 .  In short 
channels, then, the measured scattering length should be 
 [32].  Since both optical and zone boundary phonons 
contribute, we can deduce the scattering length from our 
calculations: 30 nm.  
hpl
≈+ −− 11 zoop ll
   This theoretical value is in reasonable agreement with the 
experimental finding:  10 nm. The difference could 
arise from uncertainties in the parameters of the theory or 
from additional scattering mechanisms not considered here.  
These include multiple phonon scattering or stimulated 
phonon emission from high energy phonons created by 
other scattering events.   The latter process will be important 
if the phonons can not rapidly escape the NT into the 
substrate.  Measurements at high bias on suspended NTs [33] 
should shed light on this issue.      
≈highl
   In conclusion, we have investigated the scaling with 
channel length of the I-V characteristics of metallic SWNTs.  
The mean free paths for electron-acoustic phonon scattering 
(  > 1.6 µm) and high energy phonon scattering 
( 10 nm) at room temperature were measured and 
compared to theory.  In addition to their fundamental 
interest, these results are important for uses of SWNTs in 
high current applications such as interconnects or transistors 
operating in the saturation region.  Our results show that the 
scattering length at high biases is more than 100 times 
shorter than at low bias.  Nevertheless, in short devices, the 
current carried by a SWNT can significantly exceed the 
previously reported limit of 25 µA [7]. 
acl ≈highl
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